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Abstract 
The effects of powdered activated carbon (PAC) addition on sludge morphological, aggregative and 
microbial properties in a dynamic membrane bioreactor (DMBR) were investigated to explore the 
enhancement mechanism of pollutants removal and filtration performance. Sludge properties were analyzed 
through various analytical measurements. The results showed that the improved sludge aggregation ability 
and the evolution of microbial communities affected sludge morphology in PAC-DMBR, as evidenced by 
the formation of large, regularly shaped and strengthened sludge flocs. The modifications of sludge 
characteristics promoted the formation process and filtration flux of the dynamic membrane (DM) layer. 
Additionally, PAC addition did not exert very significant influence on the propagation of eukaryotes 
(protists and metazoans) and microbial metabolic activity. High-throughput pyrosequencing results 
indicated that adding PAC improved the bacterial diversity in activated sludge, as PAC addition brought 
about additional microenvironment in the form of biological PAC (BPAC), which promoted the 
enrichment of Acinetobacter (13.9%), Comamonas (2.9%), Flavobacterium (0.31%) and Pseudomonas (0.62%), 
all contributing to sludge flocs formation and several (such as Acinetobacter) capable of biodegrading 
relatively complex organics. Therefore, PAC addition could favorably modify sludge properties from 
various aspects and thus enhance the DMBR performance. 
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Conventional membrane bioreactor (MBR) encounters the main 
challenges of high cost of membrane module and membrane 
fouling (Tian et al., 2011; Yu et al., 2017; Zhao et al., 2000). The 
 
dynamic membrane bioreactor (DMBR) with the notable advan- 
tages of low capital cost, less energy demand, higher flux and 
easy cleaning has emerged as an alternative to the conventional 
MBR (Hu et al., 2016; Quek et al., 2017). The so-called dynamic 
membrane (DM) layer in the DMBR process is defined as a cake 
 
 
Table 1 – Properties of dynamic membrane module. 
Item Parameter 
Inner support material Stainless steel mesh 
Pore size of inner layer (mm) 10 
Outer support material Nylon mesh 
Pore size of outer layer (μm) 75 
Single-sided effective filtration area (m2) 0.02 




layer and/or gel layer that forms on the large pore support 
material (10–200 μm) by filtering suspended solid particles such 
as sludge flocs. 
Generally, the operation of the DMBR includes three stages: 
DM layer formation, stable filtration and cleaning for DM 
regeneration (Hu et al., 2016). The proper control of the three 
filtration stages is crucial for achieving excellent DMBR perfor- 
mance, which  is  still needed to  be  investigated due to  the 
following reasons. Firstly, the DM layer formation time should 
be further shortened, which is beneficial for minimizing the 
production of effluent with poor quality in the initial DM 
filtration stage because of the insufficient rejection by support 
material itself. Moreover, the DM layer is susceptible to the 
drastic hydraulic turbulence, which can influence the stability of 
the DM structure and should be avoided during the bioreactor 
operation (Kiso et al., 2000). Thus, the development of a stable 
and highly permeable DM layer is crucial to achieve the long 
stable DMBR operation. 
Some additives (such as PAC) are able to enhance DMBR 
performance by modifying the sludge properties such as 
dewaterability, settleability, flocculability, extracellular polymeric 
substances (EPSs), particle size distribution (PSD) and viscosity 
(Chu et al., 2013; Hu et al., 2017; Satyawali and Balakrishnan, 
2009). It was reported that PAC addition in the DMBR shortened 
the DM formation time, increased the stable effluent flux and 
enhanced the pollutant removal at low PAC dosages (≤3 g/L). 
These effects were mainly attributed to the formation of the 
biological PAC (BPAC) particles, by which simultaneous adsorp- 
tion and biodegradation were achieved (Hu et al., 2017). 
In addation to the aforementioned sludge properties, the 
effects of PAC on other sludge properties, such as morphology 
(particle size and shape) and aggregation ability, remain largely 
not well understood in the PAC-DMBR hybrid process. As 
reported, in a lab-scale MBR system, Meng et al. (2006) claimed 
that the irregular shape of sludge flocs caused a severe cake 
fouling, resulting in a negative effect on the membrane filtration 
process. Moreover, Su et al. (2013) studied the effect of sludge 
aggregation ability on the membrane fouling in the MBR and 
suggested that the sludge with poor aggregation ability aggra- 
vated cake formation on the membrane surface, reflecting the 
high membrane fouling potential. The aggregation ability of 
sludge flocs could be described by the extended Derjaguin– 
Landau–Verwey–Overbeek (XDLVO) theory (Hou et al., 2015; 
Yuan et al., 2017), which stated the interaction of the two solid 
surface as the sum of Lifshitz-van der Waals (LW), Lewis acid– 
base (AB) and electrostatic double layer (EL) interactions (Hong et 
al., 2016, 2017). It is believed that the investigation of the sludge 
morphology and aggregation ability will provide new insight into 
the effects of PAC addition on the PAC-DMBR operation. 
Additionally, the surface and/or pores of PAC can provide a 
suitable environment for the microbial communities that can 
degrade the adsorbed organic substances for growth, which 
consequently, enhances the pollutants removal  performance and 
affects the structures of microbial communities in the activated 
sludge (Lin et al., 2001; Skouteris et al., 2015). Furthermore, 
various eukaryotes (such as protists and meta- zoans) can be 
used as indicator organisms for the activated sludge properties, 
effluent quality and bioreactor performance in conventional 
activated sludge and MBR systems (Achmadulina et al., 2017; 
Derlon et al., 2013; Jenkins et al., 2004). Moreover, in 
MBRs, the predation and movement behaviors of eukaryotes in 
the cake layer produce a more heterogeneous, open and porous 
structure, which increases the permeability of the cake layer (Wu 
et al., 2017). However, the combined investigations of eukaryotes 
using microscopic observations and bacterial communities using 
modern molecular technology (such as high-throughput pyrose- 
quencing) in PAC-DMBR system are still limited. 
The objective of this study was to analyze the sludge 
morphological, aggregative, and microbial properties in the 
PAC-DMBR system with the aim to elucidate the mechanism of 
process performance enhancement. Analytical methods in- 
cluding PSD analysis, microscopic observations, fractal theory 
and image analysis, XDLVO theory, Biolog assay and high- 




1. Materials and methods 
 
1.1. Experimental setup and operation 
 
Two identical lab-scale DMBRs located at a local wastewater 
treatment plant (WWTP) in Xi'an, China were operated in parallel 
(Appendix A Fig. S1). Each DMBR had a rectangular effective 
working volume of 15 L. Four cylindrical air diffusers were placed 
at the bottom of the four corners to continuously create aeration 
and suspend the activated sludge under the actions of an air 
pump (at an air flow of 48 L/min), which produced micro-bubbles 
of several millimeters in diameter. A flat-sheet DM module made 
of polyvinyl chloride plates and support layers was vertically 
immersed in each reactor with details shown in Table 1. Real 
domestic wastewater collected from the regulating tank of the 
local WWTP was fed into the two DMBRs by submersible pumps. 
The concentrations of chemical oxygen demand (COD), ammo- 
nia (NH3-N), total phosphorus (TP), color, UV254, and turbidity in 
the domestic wastewater varied in the range of 130–263.8 mg/L, 
20.9–29.5 mg/L, 2.9–3.7 mg/L, 102.4–155.0 c.u., 0.10–0.24 cm−1, and 
13.8–37.2 NTU, respectively. The effluent was withdrawn contin- 
uously by maintaining a 10-cm water level difference between 
the bioreactor and the effluent port. Under the constant pressure 
operation mode, a gradual decrease in the membrane flux was 
observed with the operation time. When the flux declined to a 
pre-determined value (e.g., 10% of the initial flux) physical 
cleaning (such as air backwashing with a flow rate of 72 L/min 
for 2 min) was implemented for DM regeneration and perme- 
ability recovery (Hu et al., 2016). 
Commercial PAC with the mean particle size of 29.4 μm was 
added at 1 g/L to one DMBR and named PAC-DMBR. The other, 
named C-DMBR, was operated without PAC addition to serve as a 
 
Table 2 – Operational conditions in the two DMBRs during 
the stable operation period. 
Parameters C-DMBR PAC-DMBR
Temperature (°C) 18–22 18–22 
pH 7.3–7.7 7.3–7.7 
DO (mg/L) 2–6 2–6 
SRT (d) 100–150  100–150 
HRT (hr) 1.5–7.5 1.2–7.5 
MLSS (mg/L) a 2500 3500 
DMBR: dynamic membrane bioreactor; PAC: powdered activated 
carbon. 





control. Before seeding of the DMBRs, the inoculation sludge 
obtained from the aerobic tank of the local WWTP was 
acclimated with real domestic wastewater for about two weeks. 
Subsequently, identical MLSS of the acclimated sludge was put 
into the two DMBRs. Meanwhile, the commercial PAC, after 
cleaning with deionized water, was added into the PAC-DMBR. 
PAC and sludge flocs were well mixed by aerating the mixture for 
one day, then both DMBRs entered a short startup period (two 
weeks), followed by a stable operation period (one month). There 
was no PAC supplement except for the initial addition. Minimized 
PAC loss was achieved, as most of PAC quickly interacted with 
sludge flocs during the early stage of the startup period. 
Additionally, the short DM formation time alleviated the amount 
of PAC loss along with effluent permeation at the very beginning 
filtration stage. 
During the stable operation period, the two DMBRs did not 
discharge sludge except for small amounts that were lost along 
with the initial effluent and were regularly sampled for sludge 
property measurement. The frequency of sludge sampling was 
once a week during the stable operation period. As a result, the 
sludge retention time (SRT) was approximately 100–150 days. 
 
 
Nikon Corporation, Japan) equipped with a digital camera and 
image analysis software (Nikon NIS-elements AR 3.2). Secondly, 
the acquired images of JEPG format were transformed into grey- 
level images using Adobe Photoshop 7.0 software (Adobe 
Systems Inc., San Jose, CA). In order to easily distinguish flocs 
from the background, two thresholds which were the maximums 
of the first and second derivation of the grey level histogram were 
set for each image (Cenens et al., 2002). Thus, a grey-level image 
was converted to a binary image. Next, the parameters of floc 
area, perimeter, length and width were determined in the binary 
image using Nikon NIS software. For each sludge sample, at least 
50 images were analyzed to get accurate data. Finally, the shape 
parameters of DP, Ro, FF, and AR were calculated by the formulae 
listing in Appendix A to characterize the floc morphology. 
 
1.3. Assessing sludge aggregation ability using XDLVO theory 
 
Recently, many researchers have assessed the membrane 
fouling and sludge aggregation ability in MBRs by XDLVO theory 
(Cai et al., 2017; Su et al., 2013; Zhao et al., 2016b). In the current 
work XDLVO theory was mainly used to assess the aggregation 
The average MLSS respectively were 2500 mg/L and 3500 mg/L in ability of sludge flocs. The total interaction energy (Usls ) as a  
the C-DMBR and PAC-DMBR. Because the membrane flux was 
decreased from near 510 L/(m2·hr) in the initial stage to 260– 
310 L/(m2·hr) after the DM immediate formation, eventually 
ended at approximately 50 L/(m2·hr) for the air backwashing in 
the PAC-DMBR, the hydraulic retention time (HRT) of the PAC- 
function of separation distance between the sludge cells could be 
calculated as the sum of Lifshitz-van der Waals energy (Usls ), 
Lewis acid–base energy (Usls) and electrostatic double layer 
energy (Usls) by XDLVO theory: 
 
 
DMBR  was  in  the  range  of  1.2–7.5 hr  after  DM  formation. 
 
Similarly, the HRT of the C-DMBR was calculated as 1.5–7.5 hr. 
The more operational parameters of the two DMBRs during the 
stable operation period can be found in Table 2.
   
 
where the subscripts “l” and “s” correspond to the liquid and 
LW      AB 
 
1.2. Fractal theory and image analysis 
 
Fractal dimension (DP) is often used to describe the geometric 
features of sludge flocs, which is determined by the perimeter– 
area relationship of fractal theory analysis based on image 
analysis. Additionally, a static light scattering method has also 
been proposed as a novel and reliable alternative to measure the 
parameter of DP (Zhao et al., 2016a, 2018). In this study, the former 
was applied because the other shape parameters of sludge floc 
(such as roundness (Ro), form factor (FF), and aspect ratio (AR)) 
also could be determined through image analysis (Meng et al., 
2006). In this study, the specific operation procedures for getting 
these parameters were as follows. Firstly, the phase contrast 
images of sludge flocs were observed by a microscope (N90i, 
solid, respectively. The calculation of the items of Usls , Usls and 
UEL in the XDLVO theory is based on the surface thermodynamic 
approach (Hou et al., 2015). The contact angles and zeta 
potentials of the sludge flocs are very important for the 
calculation of the surface thermodynamic parameters and 
XDLVO theory. The measurement methods of contact angles 
and zeta potentials as well as detailed procedures for calculating 
surface thermodynamic parameters and XDLVO theory are 
presented in Appendix A. 
 
1.4. Biolog assay 
 
The carbon substrate utilization patterns of microbial communi- 
ties in the sludge samples were obtained by the Biolog assay to 
determine the microbial community characteristics especially 
related to the community metabolic property. The commercial 
Biolog EcoPlate™ (BIOLOG™ Inc., Hayward, CA, USA) con- 
taining 31 different carbon sources in triplicate and 3 
negative controls (without carbon source) in a 96-well plate 
format was used. The detailed operations mainly followed 
that reported in a previous study (Yang et al., 2011), but with 
some modifications. The incubation time was prolonged to 
120 hr. Average well color development (AWCD) for all 31 
carbon sources was considered as an index to evaluate the 
microbial average activity (Elfstrand et al., 2007), which could 







where Rit and R0t are the absorbance values of the sole carbon 
source i and the water blank at time t. 
According to a previous study (Choi and Dobbs, 1999), the 
31 carbon sources in the Biolog EcoPlate™ could be divided 
into six categories: polymers, carbohydrates, carboxylic acids, 
amine acids, amines and phenolic compounds. In order to 
determine the metabolic characteristic of microbial commu- 
nities on the six carbon categories, the average absorbance 
ratio in each category was calculated and compared according 
to Eqs. (3) and (4) (Zhang et al., 2014): 
 
 
DMBR as compared with the C-DMBR. The high removals of these 
pollutants in the PAC-DMBR could be attributed to the significant 
effect of combined adsorption and biodegradation of BPAC and 
the certain effect of rejection properties of the deposited DM layer 
as a “secondary” membrane (Ersahin et al., 2012; Skouteris et al., 
2015; Whang et al., 2004). However, the low removals of TP were 
observed in the two DMBRs, which was due to hard survive of 
polyphosphate-accumulating organisms under aerobic environ- 
ment. Overall, it indicated that pollutant removal was enhanced 
by PAC addition in the PAC-DMBR. 
The filtration performances of the two DMBR were also 
detected. Fig. 1 showed typical filtration profiles describing the 




cycle variations of effluent flux and turbidity with the operating 
time, which approximately correspond to the 4th–7th day of 
the stable operational period. The multiple cycles of operation 
 
(presenting  the  reproducibility  of  DM  performance)  can  be 
found in Appendix A Fig. S2. 
where fj  is the average absorbance of category j; Fj  is the 
absorbance ratio of category j; Ri is the absorbance of carbon 
source i which belongs to category j at the end-point of the 
reaction; and nj is the number of carbon source in the special 
category j. 
 
1.5. High-throughput  pyrosequencing 
 
High-throughput pyrosequencing of 16S rRNA bacterial genes 
was conducted on the Illumina Miseq™ platform (Illumina Inc., 
San Diego, CA) to elucidate the impact of PAC addition on the 
bacterial community composition and abundance in the DMBR. 
The procedures for DNA extraction and PCR amplification were 
carried out before high-throughput pyrosequencing. Sludge 
samples from the two DMBRs at the end of the operation were 
analyzed. The detailed procedures are presented in Appendix A. 
 
1.6. Other analysis 
 
PSD analysis was performed using a laser granularity distribution 
analyzer (LS230/SVM+, Beckman Coulter Corporation, USA) with 
a detection range of 0.04–2000 μm. Microscopic observations of 
eukaryotes were directly obtained through a light microscope 
(N90i, Nikon Corporation, Japan). The chemical parameters (NH3- 
N, TP, COD, UV254) and some physical parameters (MLSS, MLVSS) 
were monitored according to Standard Methods (Chinese NEPA, 
2002). Turbidity was measured with a turbidity meter (ET266020, 
Lovibond Corporation, Germany), color with a colorimeter 
(SD9011B, China), pH with a pH meter (PHS-3C, China), temper- 
ature with a thermometer (WN-G/Y-01, China), dissolved oxygen 
(DO) concentration with a DO meter (Model HQ30d, Hatch 




2. Results and discussion 
 
2.1. Performance of PAC-DMBR and C-DMBR 
 
As for the treatment performance, during one-month stable 
operation period, the influent and effluent quality of the two 
DMBRs was regularly analyzed, which was shown in Section 1.1 
and Appendix A Table S1. It could be seen that lower concentra- 
tions of COD, NH3-N, color and UV254 were detected in the PAC- 
From Appendix  A Fig. S2,  under the constant pressure 
operation mode (10-cm water head), none drastic fluctuation 
of the effluent flux and turbidity, and other water quality items 
for every operation cycle was observed. The results indicated 
that there was no sudden partial detachment of DM layer from 
the surface of mesh under the given operation conditions, and 
thus, DM layers in the two DMBRs were considered to be stable. 
Moreover, as shown in Fig. 1, for the PAC-DMBR a rapid flux 
decline in the initial filtration stage turned into more gradual 
decreasing tendency in the stable filtration stage and almost 
ended at flux of 50 L/(m2·hr). The similar trend was also obtained 
in the C-DMBR. However, PAC-DMBR showed higher flux than 
that in C-DMBR, because approximately 10 L/(m2·hr) higher 
stable operational flux was noted in the PAC-DMBR rather than 
in the C-DMBR. Commonly, the effluent turbidity falling below 1 
NTU or an SS of zero can be considered as an indicator of the DM 
layer formation (Hu et al., 2016). Herein, the turbidity of both 
DMBRs decreased rapidly below 1 NTU within 5–20 min, while 
the DM layer formation time in PAC-DMBR was slightly shorter 
than that in C-DMBR. Subsequently, the turbidity in the stable 
filtration stage was almost the same (<1 NTU) in the two DMBRs. 
This finding indicated that PAC addition did not deteriorate the 
effluent turbidity but enhanced the DM layer formation in the 
PAC-DMBR. 
In practical application, air backwashing was carried out 
when the flux declined to 10% of the initial flux. However, in this 
study, the air backwashing of the PAC-DMBR was carried out at 
flux levels slightly higher than that of 10% of the initial flux 
because of operational convenience and also for comparisons 
with the C-DMBR system. Thus, it was expected that the PAC- 
DMBR could further run for at least several hours or days 
additionally before the flux completely declined to 10% of the 
initial flux. From the operation results, it was considered that 
PAC addition could prolong the stable operational time of the 
DMBR system, which could reflect the improvement of the DM 
stability by PAC addition. 
Furthermore, scanning electron microscope (SEM) measure- 
ment was carried out to analyze the morphology and structure 
of the DM layers. The SEM pictures of the DM layers are shown 
in Appendix A Fig. S3. It was found that a dense and evenly 
distributed DM layer with less porosity and little roughness was 
observed in the C-DMBR, while in the PAC-DMBR a less dense 
and uneven DM layer was formed on the mesh surface with 
 
Table 3 – Comparison of floc shape parameters between 




 FF a AR a 
C-DMBR 1.32 0.34 ± 0.09 0.13 ± 0.07 2.23 ± 0.77 
PAC-DMBR 1.17 0.49 ± 0.13 0.30 ± 0.12 1.96 ± 0.57 
a  Ro, FF, and AR was given as average one ± standard deviation; 
























Fig. 1 – Variation profiles of flux and effluent turbidity during 




high porosity and roughness. The reason for these differ- 
ences was probably because PAC particles had higher 
mechanical robustness and incompressibility than sludge 
particles, which was beneficial for resisting the effects of 
hydraulic pressure and shear force on the DM layer in the 
PAC-DMBR. In this regard, it was believed that PAC addition 
could improve the DM stability. 
 
2.2. Morphological characteristics 
 
The morphology of the sludge flocs was characterized by PSD 
and shape. For the PSD, it was reported that PAC addition at 
1 g/L could increase the sludge particle size (Hu et al., 2017; 
Ng et al., 2006), which was confirmed by Fig. 2. More large 
 
 
particles existing in the PAC-DMBR sludge was possibly 
because PAC particles could adsorb biopolymers, dissolved 
and colloidal organics and free bacterial cells from bulk 
solution, and also be readily integrated into the sludge flocs 
(forming BPAC). On the other hand, the incompressibility of 
PAC particles had a certain effect on the mechanical strength 
of sludge flocs against the hydraulic pressure and shear force, 
and thus, the sludge with PAC addition retained large size 
and strong structure. Furthermore, as reported, in the DM 
layer formation process, the flocs with size similar to or larger 
than the aperture of the support mesh were retained first by 
the support mesh to form the inner layer. Then, the smaller 
flocs were intercepted by this initial layer to form outer layers 
through a penetration-retention process in the DMBR, which 
was different from the deposition process of the cake layer in 
the conventional MBR (Chu et al., 2013). Therefore, the PAC- 
DMBR sludge with more large particles could more readily 
form a DM layer than the C-DMBR sludge, and which would 
develop the DM layer with higher porosity and lower 
compressibility to decrease filtration resistance and to 
improve flux in the PAC-DMBR system. 
Typical microscopy observations of the sludge samples are 
shown in Appendix A Fig. S4. The fractal theory and image 
analysis were conducted based on the microscopy observa- 
tions characterizing the sludge shape. Table 3 lists the shape 
parameters (DP, Ro, FF, and AR) of sludge flocs in the two 
DMBRs. As shown in Table 3, the DP of the PAC-DMBR sludge 
(1.17) was smaller than that of the C-DMBR sludge (1.32). This 
indicated that the sludge with PAC addition had a more regular 
shape than the sludge without PAC addition. This result 
also indicated that the sludge in the PAC-DMBR showed 
relatively strong structure. Furthermore, there was an in- 
crease in Ro for the PAC-DMBR sludge, implying that the 
shape of the sludge with PAC addition was relatively circular. 
Moreover, a decrease in AR and an increase in FF for the PAC- 
DMBR sludge also showed that the shape of sludge flocs 
became more regular due to PAC addition in the PAC-DMBR. 
Regular-shaped flocs were formed possibly because the 
biofilm with a relatively smooth contour was formed to 
surround the PAC particles due to the adsorption effect of 
the added PAC. As reported, sludge with irregular shape could 
develop a thick and dense cake layer on the membrane 
surface, which could significantly impede the membrane 
filtration process (Meng et al., 2006). Therefore, the modified 
morphology of sludge flocs by PAC addition was verified to 
exert some favorable influence on the structure and perme- 











Fig. 2 – PSD of the inoculation sludge, PAC-DMBR sludge and 
C-DMBR sludge. Three replicate measurements were carried 
out for each sample with a standard deviation of less than 5%, 





Table 4 – Surface thermodynamic parameters and interaction energies per unit area between the sludge cells at contact a. 
Sludge sample Surface thermodynamics parameters (mJ/m2) b 
 
γLW γ+ γ− γTol 
Interaction energy per unit area (mJ/m2) c 
LW ∆GAB ∆G
C-DMBR 29.65 0.32 24.83 35.27 − 1.20 − 1.20 − 2.40 
PAC-DMBR 33.13 0.25 19.92 37.56 − 2.36 − 10.68 − 13.04 
a The data was calculated through the average contact angle (θ) and average zeta potential (ξ) by XDLVO theory. θ was the average value of at 
least eight measurements, while ξ was the average value of at least six measurements. 
b γLW, γ+,γ−, and γTol signified van der Waals, electron acceptor, electron donor components of the surface tension and total surface tension 
parameter, respectively. 
c ∆GLW ,∆GAB , and ∆G signified Lifshitz-van der Waals free energy, Lewis acid-based free energy and total interaction free energy between 




2.3. Aggregation ability of sludge flocs 
 
Aggregation ability could be used as a comprehensive indicator 
of sludge properties because it was largely correlated to the EPS, 
structure, flocculability, settleability and dewaterability, ad- 
sorption ability, etc. of sludge flocs in the conventional activated 
sludge process and MBRs (Sheng et al., 2010). In this study, the 
sludge aggregation ability was assessed by XDLVO theory, 
which was calculated based on the contact  angle and  zeta 
potential as shown in Appendix A Table S2. 
The involved surface thermodynamic parameters and inter- 
action energies for aggregation ability were calculated by 
Appendix A Eqs. (S1)–(S7) and listed in Table 4. By comparison of 
surface thermodynamic parameters (γLW, γ+, γ− and γTol), it could 
be seen that PAC addition changed the sludge surface character- 
istics. On the other hand, the total interaction energy per unit area 
(∆Gadh) of the PAC-DMBR sludge was more negative than that of 
the C-DMBR sludge, implying that the PAC-DMBR sludge showed 
a stronger attractive interaction when the sludge cells were 
adhering to each other. Additionally, ∆Gadh, which represents the 
free energy of interaction between two identical surfaces 
immersed in water, could be used to estimate the surface 
hydrophobicity/hydrophilicity quantitatively (van Oss, 2003). If 
∆Gadh < 0, the surface is considered to be hydrophobic, otherwise 
(∆Gadh > 0), the surface is considered to be hydrophilic. According 
to this definition, the PAC-DMBR sludge with a highly negative 
value of ∆Gadh was more hydrophobic than the C-DMBR sludge, 
indicating that PAC addition altered the sludge hydrophobicity. 
In order to get more information, the profiles of total 
interaction energy with separation distance for the two sludge 
samples are shown in Fig. 3. The total interaction energy curves 
for both the PAC-DMBR sludge and C-DMBR sludge encountered 
an energy barrier and a secondary energy minimum. Generally, a 
higher energy barrier signifies the dispersed sludge cells in 
suspension should have a higher kinetic energy to overcome this 
barrier to reflocculate (Liu et al., 2010). The secondary energy 
minimum represents the ability of sludge cell to desorb from the 
sludge surface (Redman et al., 2004). In other words, a higher 
absolute value of the secondary energy minimum indicates that 
the sludge structure is more stable. From Fig. 3, the secondary 
energy minimum respectively was −3.9 KT and −8.4 KT, while 
the energy barrier was 850.2 KT and 505.2 KT for the C-DMBR 
sludge and PAC-DMBR sludge, respectively. A reduction of the 
energy barrier and an increase of the secondary energy mini- 
mum (absolute value) were observed in the PAC-DMBR sludge. 
These results indicated that PAC addition improved the 
sludge aggregation ability and structure, thereby protecting 
large sludge flocs from being broken under external forces 
(e.g., shear force) (Remy et al., 2010). Similarly, the smaller size 
(1–10 μm) of sludge flocs resulting from the decreased 
aggregation was also reported in a previous study (Wang et 
al., 2011). The above  findings indicated that improved 
aggregation ability was possibly beneficial for the larger and 
more stable sludge flocs in the PAC-DMBR, which further 
confirmed the description of the sludge morphology as 
discussed in Section 2.2. Furthermore, the sludge with stable 
structure potentially reduced the release of EPS from the sludge 
flocs to the bulk solution, which could alleviate the blocking 
of the DM layer and physical irremovable fouling of the 
DMBRs (Hu et al., 2017). Also, Su et al. (2013) suggested that 
sludge with poor aggregation ability had higher mem- brane 
fouling potential. Consequently, the sludge with good 
aggregation ability in the PAC-DMBR showed a lower DM layer 
fouling potential and higher DM layer permeability. 
 
2.4. Microbial community characterization 
 
2.4.1. Microbial metabolic analysis 
Biolog assay was applied to evaluate the metabolic characteristics 
of the microbial communities in the activated sludge. As shown 



















Fig. 3 – Total interaction energy curves as a function of 
separation distance for the C-DMBR sludge and PAC-DMBR 
sludge. 
 



























Fig. 4 – Aaverage well color development (AWCD) (a) and average absorbance ratio (b) of carbon source in Biolog EcoPlate™ for 




and C-DMBR sludge were insignificant in the initial 0–12 hr. 
Subsequently, the AWCD rapidly increased after this lag phase, 
and finally approached the value of 1.1 at the end-point of the 
incubation period. Furthermore, it was found that the AWCD in 
the PAC-DMBR sludge was slightly higher than that in the C- 
DMBR sludge during the 12–120 hr (Fig. 4a). This difference 
indicated that PAC addition at 1 g/L dosage could slightly 
enhance the microbial metabolic activity in the DMBR. It might 
be due to that BPAC particles facilitated the adsorption of 
microbial cells, enzymes and organic matters, which, in turn, 
provided a suitable environment for microbial metabolism 
(Zhang et al., 1991). On the other hand, the higher microbial 
activity might be from the higher diversity of microbial commu- 
nities, which would be further discussed in the “microbial 
community analysis” section. 
In addition, the average absorbance ratio (Fj) of each carbon 
category at 120 hr in the two sludge samples is presented in 
Fig. 4b. From Fig. 4b, the microbial communities in the two 
sludge samples showed higher metabolic activity for amines, 
amino acids, carbohydrates and polymers (Fj > 0.15) as com- 
pared with carboxylic acids and phenolic compounds (Fj < 0.15). 
Overall, for the two sludge samples, there was no significant 
difference in the metabolic properties of microbial communities 
on the different carbon category. This finding indicated that 
PAC addition had no significant influence on the microbial 
community metabolic structures. 
 
2.4.2. Microbial community analysis 
As mentioned, the presences of eukaryotes (such as protists 
and metazoans) played an important role in the sludge 
properties and systems performance. Generally, in activated 
sludge the common protists include flagellates, amoebae, 
ciliates and heliozoans, while the metazoans include rotifers, 
nematoeds and oligochaetes. Direct microscopic observations 
of the two sludge samples are shown in Appendix A Fig. S4. 
Ciliates, amoebae and rotifers were observed in the two 
sludge samples. The numbers of these eukaryotes ranged from 
some dozens to hundreds per mL. Relatively, rotifers were 
less abundant than the other two microorganisms (ciliates 
and amoebae). Only a small amounts of rotifers in the two 
sludge samples indicated that the activated sludges were in 
the normal physiological state. Moreover, above analysis 
indicated that PAC addition would not exert very significant 
influence on the propagation of eukaryotes (pro- tists and 
metazoans) in the PAC-DMBR. Additionally, higher 
invertebrates  such  as  nematoeds  and  oligochaetes,  which 
 
 
Table 5 – Richness and diversity of microbial communities in the C-DMBR sludge and PAC-DMBR sludge.  
Sample Sequences OTUs Chao1 a Shannon b Simpson c Coverage d 
C-DMBR 25,121 1358 1822 4.096 0.136 0.980 
PAC-DMBR 32,325 1735 2300 4.976 0.045 0.981 
DMBR: dynamic membrane bioreactor; PAC: powdered activated carbon; OTUs: operational taxonomic units. 
a   A higher number of Chao 1 indicated higher microbial richness. 
b   A higher number of Shannon signified more microbial diversity. 
c   A lower number of Simpson represented more microbial diversity. 





acted as the predators to lead to the improvement of 
permeate flux (Klein et al., 2016), did not observe in the two 
DMBRs. So, much more attentions should be paid to this 
aspect in the long-term operation of PAC-DMBR system. 
On the other hand, the sludge samples were collected from 
the two DMBRs at the end of the operation and their DNA was 
extracted for high-throughput pyrosequencing. Based on the 
sequencing results of bacterial 16S rRNA gene in Table 5, a total 
of 1358 (C-DMBR) and 1735 (PAC-DMBR) operational taxonomic 
units (OTUs) were clustered at a 97% sequence similarity, which 
indicated that the bacterial diversity was increased in the PAC- 
DMBR sludge. A further comparison of the Chao 1 index, 
Shannon index and Simpson index showed greater bacterial 
richness and diversity in the PAC-DMBR than that in the C- 
DMBR. This phenomenon was probably attributed to PAC 
addition creating additional microenvironment in the form of 
BPAC for the enrichment and growth of some specific bacteria. 
Furthermore, the bacterial communities at the phylum level 
for the two sludge samples are shown in Appendix A Fig. S5. 
The microbial communities of total bacteria were grouped into 
19 identified phyla, among which Proteobacteria was the 
predominant phylum, accounting for 74.7% and 67.0% in the 
C-DMBR sludge and PAC-DMBR sludge, respectively. Phyla 
Bacteroidetes, Planctomycetes, Firmicutes and Choroflexi were the 
subdominant groups, which were respectively at 4.6%, 11.4%, 
1.6%, 2.1% in the C-DMBR sludge and 9.2%, 6.4%, 10.0%, 2.9% in 
the PAC-DMBR sludge. The above five bacterial phyla were 























could degrade and transform organics (Ma et al., 2013a, 2013b). 
Overall, the composition of bacterial phyla in the two sludge 
samples was nearly identical, while the relative abundance of 
phyla, especially some dominant phyla, was notably altered 
due to PAC addition. 
To further elucidate the functions of bacterial communities in 
the sludge samples, the further classification at the genus level is 
shown in Fig. 5. It was noteworthy that the genus with a relative 
abundance of less than 1.0% was assigned to “Others”, and the 
total of genera in “Other” were 176 and 230 for C-DMBR sludge 
and PAC-DMBR sludge, respectively. By comparison, it was found 
that the dominant genera in the PAC-DMBR sludge were quite 
different from those in the C-DMBR sludge, indicating that there 
was an evolution of the bacterial community after PAC addition 
in the DMBR system. In detail, genera Acinetobacter (13.9%), 
Aeromonas (7.0%), and Comamonas (2.9%) were highly enriched in 
the PAC-DMBR sludge rather than in the C-DMBR sludge. Genus 
Aeromonas belonging to the facultative anaerobic bacteria was 
enriched in the PAC-DMBR indicating that a local facultative 
anaerobic/anaerobic microenvironment was probably created in 
the sludge with PAC addition. Genus Acinetobacter belonging to 
the wider class of Gammaproteobacteria could adhere onto both 
biological and abiotic surface, and some members of Acinetobacter 
could function as bridging organisms in floc formation in the 
activated sludge process (Doughari et al., 2011; Phuong et al., 
2012). Similarly, some members of Comamonas were reported as 
the floc-forming bacteria in activated sludge (Tago and Yokota, 
2004). Genera Flavobacterium and Pseudomonas were also consid- 
ered as the common floc-forming bacteria, which were able to 
synthesize extracellular materials to bind microbial cells, colloids, 
organic polymers, cations and inorganics together to form 
activated sludge flocs (Gerardi, 2006; Kato et al., 1971). However, 
the relative abundance of Flavobacterium and Pseudomonas (be- 
longing to genus “Others”) was very low, which were 0.31% and 
0.62% in the PAC-DMBR sludge, and 0.09% and 0.41% in the C- 
DMBR sludge. The above-mentioned bacteria contributing to 
sludge floc formation would further affect the sludge morphology 
(such as floc size, shape and structure) and aggregation ability. 
 
 
Also, their enrichments in the sludge with PAC addition implied 
that PAC particles could provide a fixed surface for microbial 
growth as the bio-carrier. Moreover, the highly enriched 
Acinetobacter (13.9%) also has the capability of degrading hydro- 
carbons (especially for the aromatic compounds) (Margesin et al., 
2003), which could have potentially contributed to the removal of 
the relatively complex organics in the PAC-DMBR system. 
 
2.5. Effects of sludge properties on the performance enhance- 
ment by PAC addition 
 
As reported, the sludge properties were considered to be an 
important factor to affect the operation of the DMBR process 
(Liang et al., 2013). In this study, the PAC addition significantly 
modified the sludge morphology (Fig. 2 and Table 3), aggrega- 
tion ability (Fig. 3), and microbial communities (particularly in 
bacterial communities) (Fig. 5 and Table 5) in the PAC-DMBR. 
Due to little differences were observed in the presence of 
eukaryotes (protists and metazoans) for the two DMBRs, the 
analysis of the eukaryotic community composition was not 
performed. 
Synthetically, the effects of PAC addition on the sludge 
properties and subsequent enhancement of the performance in 
the PAC-DMBR are further discussed and schematically shown 
in Fig. 6. The adsorption and incompressibility of PAC particles 
played an important role in altering the sludge morphology so 
that sludge flocs with large size, regular shape and strengthened 
structure were greatly formed in the PAC-DMBR system. 
Moreover, PAC addition modified the surface thermodynamic 
parameters (such as γ+, γ−, γLW and γTol) and hydrophobicity of 
sludge flocs due to the hydrophobicity of PAC particle, which 
contributed to improving the sludge aggregation ability (Hou et 
al., 2015). Consequently, the sludge with good aggregation ability 
strengthened the sludge structure, increased the sludge size, and 
induced the reduction of biopolymers (such as EPS) release. 
Finally, PAC addition to the DMBR could create the additional 
microenvironment and serve as the bio-carrier for microbial 













Acinetobacter, Comamonas, Flavobacterium and Pseudomonas) with 
specific floc formation functions. Among  various  bacterial genera, 
the high enrichment  of  Acinetobacter  was  responsible for the 
biodegradation of complex organics. Additionally, Fig. 6 also 
reveals that complex interactions existed among the three sludge 
properties, e.g., sludge  morphology,  aggregation  ability and 
microbial  communities.  As discussed previously, PAC addition in 
the DMBR modified the sludge properties through the following 
five specific aspects: increasing sludge size, forming regularly 
shaped sludge, strengthening sludge struc- tures, reducing 
biopolymer release and biodegradation of complex  organics. 
The modifications of the aforementioned first four 
sludge properties were expected to further improve the 
incompressibility and porosity of DM layer, which was evi- 
denced by the discussion in Section 2.1 regarding the morphol- 
ogy and structure of the DM layer. From this result it followed 
that the less dense and more porous of DM layer in the PAC- 
DMBR was contributed to the improvement of DM permeability. 
Simultaneously, DM layer as the “secondary” membrane could 
reject a small fraction of the pollutants. Moreover, PAC particles 
could adsorb organics from bulk solution, and also be readily 
integrated into the sludge flocs to form BPAC. These adsorbed 
organics could be biodegraded by the attached microbial 
communities on the BPAC surface (Hu et al., 2017; Skouteris et 
al., 2015). Additionally, good sludge aggregation ability in the 
PAC-DMBR potentially reduced the release of organics (in 
particularly biopolymer), which was also beneficial for the 
pollutants removal. Overall, PAC addition modified sludge 
properties and contributed to enhancing the process perfor- 






In this study, the effects of PAC addition on the sludge 
properties in the PAC-DMBR hybrid process were investigated 
while the mechanisms of performance enhancement were 
explored. The results demonstrated that the PAC-DMBR system 
was an effective and feasible wastewater treatment to achieve 
enhanced pollutants removal and improved filtration perfor- 
mance. Moreover, the adsorption effect, incompressibility and 
hydrophobicity nature, and bio-carrier property of PAC played 
an important role in the modifications of sludge properties 
(such as morphology, aggregation ability and microbial com- 
munities). These modifications were evidenced by the forma- 
tion of larger, more regularly shaped and strengthened sludge 
flocs, the improvement of sludge aggregation ability and 
bacterial diversity, which further affected the morphology, 
structure and permeability of the DM layer and thus enhanced 
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